US009146155B2

a2z United States Patent (10) Patent No.: US 9,146,155 B2
Ko 45) Date of Patent: Sep. 29, 2015

(54) OPTICAL SYSTEM AND MANUFACTURING (58) Field of Classification Search
METHOD THEREOF USPC oo 356/326-328

See application file for complete search history.
(75) Inventor: Cheng-Hao Ko, Zhudong Township,

Hsinchu County (TW) (56) References Cited
(73) Assignee: OtO Photonics, Inc. (TW) U.S. PATENT DOCUMENTS
(*) Notice:  Subject to any disclaimer, the term of this 4,695,132 A 9/1987 Sakuma
patent is extended or adjusted under 35 4,770,517 A 9/1988 Sakuma
U.S.C. 154(b) by 380 days. 4,936,684 A 6/1990 Keane
5,550,375 A *  8/1996 Petersetal. ................ 250/343
(21)  Appl. No.: 12/966,083 351567 & * 21008 Chion e 356/328
5,734,165 A 3/1998 Unal et al.
(22) Filed: Dec. 13,2010 5,859,702 A 1/1999 Lindblom
6,005,661 A 12/1999 Machler
(65) Prior Publication Data 6,125,223 A *  9/2000 Drozdowicz ...........c........ 385/37
6,266,140 Bl 7/2001 Xiang et al.
US 2011/0080584 Al Apr. 7,2011 6,650,413 B2* 11/2003 Thibault etal. .............. 356/328
6,879,395 B2 4/2005 Oka et al.
Related U.S. Application Data 7,595,877 B2* 9/2009 Vakhshoori etal. .......... 356/328
7,671,986 B2*  3/2010 Yao ...cccccoeviveninen 356/326
(63) Continuation-in-part of application No. 12/045,836, 7,701,574 B2 4/2010 Johansen et al.
filed on Mar. 11, 2008, now abandoned, and a (Continued)
continuation-in-part of application No. 12/180,567,
filed on Jul. 28, 2008, now abandoned. Primary Examiner — Tarifor Chowdhury
. L L. Assistant Examiner — Isiaka Akanbi
30 Foreign Application Priority Data (74) Attorney, Agent, or Firm — Han IP Corporation; Andy
Mar. 15,2007 (TW) oo 96100036 A M- Han
Aug.3,2007  (TW) oot 96128494 A
57 ABSTRACT
(51) Imt.ClL . . . .
GO1J 328 (2006.01) The invention concerns an c.)p.tlcal system. The optical system
GO1J 3/02 (2006.01) comprises an input for receiving an optical signal, a predeter-
GO1J 3/18 (2006.01) mined output plane, and a diffraction grating for separating
G01J 320 (2006.01) the optical signal received at the input into spectral elements
G01J 324 (2006.01) thereof. The grating has a diffraction surface, which is formed
GO2B 5/18 (2006.01) by a photolithography process. The diffraction surface has a
(52) US.CL first predetermined profile. The first profile is formed by a
cPC GO1J 3/02 (2013.01Y; GO1J 3/0218 plurality of points each conducted by different equations.

Consequently, each spectral component is focused on the

(2013.01); GO1J 3/0291 (2013.01); GO1J predetermined output plane.

3/1804 (2013.01); G01J 3/1838 (2013.01);
G01J 3/20 (2013.01); G01J 3/24 (2013.01);
G02B 5/1861 (2013.01) 20 Claims, 25 Drawing Sheets

400

450

10
,OOOOOEOEOEOEOrTy T, E S /
— 1
\\\zx\\x(\\\ U N

445

4107

440
412



US 9,146,155 B2

Page 2
(56) References Cited 2004/0196458 Al 10/2004 Shimizu et al.
2006/0044557 Al 3/2006 Vakhshoori et al.
U.S. PATENT DOCUMENTS 2006/0262303 Al* 11/2006 Bonneetal. ........... 356/328
2007/0019194 Al* 12007 Chenetal. .....ccceeeene. 356/328
2001/0030746 Al  10/2001 Hamm et al. 2007/0291266 Al* 12/2007 Handaetal. ... ... 356/328
2002/0054276 Al* 5/2002 Kurematsu ................ 353/31 2008/0106735 Al* 5/2008 Becker-Rossetal. ........ 356/328
2002/0105725 Al* 8/2002 Sweatt et al. . 359/566 2009/0034080 Al 2/2009 Ko
2003/0107733 Al 6/2003 Okaetal.
2004/0114139 A1 6/2004 Florek et al. * cited by examiner



U.S. Patent Sep. 29, 2015 Sheet 1 of 25 US 9,146,155 B2

§100
110

__/
w"’”‘;

/

|

\

‘\

z —-./7—......-..:..

FIG. 1 (Prior Art)

A TASSSSNNNNY AN AN

2 W .

<
™
-




U.S. Patent

200

Sep. 29, 2015

Sheet 2 of 25

220

US 9,146,155 B2

230

FIG. 2 (Prior Art)



U.S. Patent Sep. 29, 2015 Sheet 3 of 25 US 9,146,155 B2

I\\\\\\\\\\\\\\\\\l
N

T

-
N
o

5 300

310

FIG. 3A (Prior Art)

330




U.S. Patent Sep. 29, 2015 Sheet 4 of 25 US 9,146,155 B2

315

\/ﬁ

—\

301
//
/

WY YWY YW

//
FIG. 3B (Prior Art)

311

313

321




US 9,146,155 B2

Sheet 5 of 25

Sep. 29, 2015

U.S. Patent

v Old

434

i sl
0c l/r/ N ////////////////_/// DN

pa—

/X// . \\ - Olp

A R R R

9 y
)

oov




U.S. Patent Sep. 29, 2015 Sheet 6 of 25 US 9,146,155 B2

§400
22
24
430

20

A

)

FIG. 5A

410

10

420



U.S. Patent Sep. 29, 2015 Sheet 7 of 25 US 9,146,155 B2

o
o
)
o
P
N
o
<t
H
(=) n
o
B -
o
N o m
o e @)
m -
9
LL
o
v
)




oS 9OId

218
)
\

- 5, 3 -




US 9,146,155 B2

Sheet 9 of 25

Sep. 29, 2015

U.S. Patent

9 Ol

-
-
-
-
\l\\..
-
-
)
-
-
-
oy
-
-
-
-
-
-
-

~
~——
—
hat™
-
el
.
-
~

(rm'9)d

=

T

)

I

il

Iiininnz=

i

y
A

i

-
——
e



Sheet 10 of 25 US 9,146,155 B2

U.S. Patent Sep. 29, 2015
P
,,,,,, /,
oo “1 4
o - /
z” 4 ~, /I
' H
! H
! |
' '
A \
AY {4
\\\ // \\
s 5\
A ~
““““ S
e

F-
b
o

FIG. 7A



U.S. Patent

80

-
"
-
-
P
---------

-~
o
-

70

Sep. 29, 2015

80

----------

eeeeeeeeee

Sheet 11 of 25

80

US 9,146,155 B2

FIG. 7B



U.S. Patent Sep. 29, 2015 Sheet 12 of 25 US 9,146,155 B2

FIG. 8



U.S. Patent

Sep. 29, 2015

Sheet 13 of 25

US 9,146,155 B2

X Axis (mm)
FIG. 9

! T 1 T T T
@ @« N~ © v <
o o o o o o

(ww) sIxy A

T
“
o

3 1]

1 1
N
o o

0.0 +




U.S. Patent Sep. 29, 2015 Sheet 14 of 25 US 9,146,155 B2

FIG. 10A




US 9,146,155 B2

Sheet 15 of 25

Sep. 29, 2015

U.S. Patent

dol "Old

JEIOZUDH  —
LLOT0 G4

5400

SAEM JUBPIOU] Z4ERA AN BSTREXNIA 12101 'ZI0+3LbEL B'SA
AUUAA TLO+BROGY D78aY LU pLO+ER) Y | REIA JUUAA LT RBE (RUIN SaUeel

3010

(s1mauipL) X
5200 ]

ity

00 500

WHHHHHEHEH.WQMMHH,. L

z G400

................................. i£10+39
RN {08 £1 4 [+ 4L
..................................... i£10+38
i......v:A.1.1.321.31..I....mn,_,D)rmr,.
R 3 11 ]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, iE10+38
.................. AR LAR A EI K = Ny
..................................... SELI+EE'E
Lo+t

......... S = - i

aoo-

G400

G200

................................. SRR A VIR o748 N,
. e ,ME?W_TWEM
e a4 (14 TR
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, pl0+Tr
pL0+35F |

‘pLo+35 1

g.00

G0

cZny i
| 3284ng 133000

GE00-

Goo- G000

XN\ WEPIaU 0] dep sausipeLy - 18I0 ]

EL0+3]

£10+87

£L0+3E

L0+

E10+85

£10+35

BL0+8L

EL0+88

£10+96

vi0+31

OB

FLO+SE L

FiO+BGL
OUAA



US 9,146,155 B2

Sheet 16 of 25

Sep. 29, 2015

U.S. Patent

doaub

201 Old

WA ZLO+BER LB | B4 JUUN, ELD+88Fp UXEIN JUUA QD0-8Z5E 1 EUIY 83UBDELY

e EMDZHOM  —
LORDEMET

gt

...................................... HARE !
srereesassesnseea sesmsnesenesanee IELD+IG L
....................................... 1E10+35¢ Igg g
.................... B U= 4
EL0+352°E
................ R =)
........................................ iEL0+E5.500
..... R LA L R AR L= o
........................................ 1ELD+IETE
10+35°E

L=
........................................ 1E10+36T L

LD+ L

g}

sARX JUANISU| BPRGL A TALBLOINIS [BI0L T10+2906L 0 /Gy

son

{samauy) ¥
5700 0 szon- s0n-

gina-

GLon-

Jdego-

geno-

et

16L0°0

gL

U]

deh] n GZ00- 500
| aoepng g 1200
X0 4 Jupou) 104 dew aoueipe] - 1eIn g

Gion-

(AU A

EL0+85 7

£L0+35

ELO+35'G

El0+39

£10+35'0

EL0+3L

ELO+95 2
Oujna



US 9,146,155 B2

Sheet 17 of 25

Sep. 29, 2015

U.S. Patent

aot old

SAEY WRAPIOU Z1GL M GLESL XIS 1B10 L 'TL0+BERSE 5 SNY
SUWAA TLO+BELEE L BAY AWM E|D+958857 RN LA B00-88001 2 U adueipeLy

E [ENTUOH - {s/a@unpul ¥ a
do g AayBey LIORoEAET G400 SO0 5700 Y e oo L0
: ) i 710+35
A
1048571
,,,,,,,,,, m:?wmp 50 oo
............................................ {ELO+IGLL ELh+az
s B R e RRRREREERD Y A £ L= 1
B O A A G £L0+35 T
“mwa+wwmm~ma,o AEZO0-
R R SRR AR 1 11 L e <
|- L= - T 5 €10+3g
e R R S EL0+EE . . ; : =
; . ... , ‘ . - 0 @
R R Y NI L= T v - . ; s
e § A R b 1EL0+358 4
......... Tpremene e R LOHERLE ]
PR N N we §1..,.§‘...,I,I,.l..,:wm_\D+MW SEO0 ; U , : 1500 o«»\»cwf
coeop e werennnesn e ~iE10+35T ; W : W £ 10485
A : : : -
mm_\D‘vmmm\vm«Dm e ,,,,, [N I S , - 500 £10+80
Seneee e R (4G , ‘ ‘ , ”
meSermm,m ‘ : £10+355
Mm:u.,rwm.mmho,m F T RETERTP N lsron
,MmEerWmBm : £10+89
1EL0+38
Mm:u?mmm.m ; : . : £10+359
EL0+35T 500 BN Ge00 0 5200 S00- GLOO- [ES/0

| BaBUNG 2 10800
0|4 JBpIaY o) de sauRipRLY) - eI



U.S. Patent Sep. 29, 2015 Sheet 18 of 25 US 9,146,155 B2

FIG. 11A

R
cers
e
W,mew‘“’y
S




US 9,146,155 B2

Sheet 19 of 25

Sep. 29, 2015

U.S. Patent

dll

EOZUD,
WIROEAET

do iy

PPN — ,:.t3::2....222:.::i,f.wmwm‘wm:‘

R rrmmennn s 1043 00

:::::::..:.,:Z;tii.::wmw?mmu

H

,,,,,,, e L A=

3

,,:.i:i..::i:.:ft.;,II..,'.,..mmm,m..,m@
1..1::.::::.3:32:12::122mem?m@
::..::.i.,::::i::.::I::::wnww?mv

iR ;,:::::::::.:::,:::...b,:«..,.,l.,g.wwwm.fm*w

m : e
R o B ,:I(.:,.i::..:i:..;.i::::imwwa%mmw
M.I.ZZt.ti::,i:,ﬁZ:i::. g edenbunnn g,I,:!Zi2.1:.152.232:.i.i,wvwm&wm«w
- a0

ECO@MU ..... .Wﬁ?mﬁ

L LI L RCELTIN TR ELET ¥ ...I!,..::.:.:,..:::.2,¢.,.:if»:..!..:lw»vwﬂm..,mwwmhm.

m,:.!,!,,.Ii.,l:3:..11.1. .;.;.3..2.,.1ZZ...:I.fé,Z,I.I,Z.!I'lww..w@..,mm..,w

T N T L T T TR R a1 T )

+

pADIE |

N\
ﬂ wuz9g
wup9s

Old

ShE UBEIOU 920801 AA GOD+26200 L0 BI0 L "E10+305 1871 SNy

SAAAA TLO+BEEEE T 8N SUA L DB00L0 L XBIN (UM B00-8L081 b sdueipel

{SarBuIpL X
SLg ) et gy g At son

Gigo-

00"

Srng-

SO0

P0G
l+al |
FiO+RE L

SL00

sL0°0 800 §70°0 o SEOO G0
| saepng g 1algo
Y4 UL S0y SR aouBIpRL - BI0)

sig-



US 9,146,155 B2

Sheet 20 of 25

Sep. 29, 2015

U.S. Patent

oLl Ol

VVVVVVV [EIUDZUOH e
LICHOE/AE]

do paubie

SAEY JBPIAU] LBLOE A BOODE XN (101 71 0+35EEE B Sy
LUAN TLO+BZUGT 288 JUMA £ D+38B.8 B XEW LUl B0U-2 1931 g Ui asuelpel]
(B =0T Yy

ietp+3gg 900

s s AR lE10eas

oo e iE10+35°G

| ::WmEmﬁ iy
....... et {11 = -1
............................ 11,

fun)

5400 G0°0 500 ] GLom 200 2400

G400

150°0-

i

ST

GO0

: 24
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ =T
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, {EAD+T5 B80T
..................................................... {£10+38
o tUQGG AEE
T s 2111

Gon G0 5200 a A S = 1 R ST N
| A2RUNG B 1380
A IUSHNY 30 Q&E BAURIDEL] - [BI0 L

(maaauiul A

E10+8})

E10+9Z

E10+88

C10+8L



US 9,146,155 B2

Sheet 21 of 25

Sep. 29, 2015

U.S. Patent

akt old

Sy JUBIOU 21948 M ELRI8X0H 110 TLO0+BENGE LSy
SUWUAA THO+BET T A SWIA ELO+SRLTE BEP LW D00-8G0E B Ul mouRipeL|

{Sizaujii) ¢

G200 0 oo GO0 00

...... JEOTUOMN
do) Ayl WICHOEHEST
,,,,,,,,,, s Rt s St E S A A = oA

{z10+38
210435 L
1EL0+3L 8200
8404367
1E10+35'L
BI0+I6L
iEivEr SO0
1E10+367°E
AR N1 F= -4
,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1B10+360T
—-iE10+3E 5200
B10+3600
............................. B0+ E
e 1810+35LE
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1610430
.............................. Rt
.............................. 1610435 Y
................................... 18104360 F
................................... 1E10+35 5700
,,,,,,,,,,,,,,,,, Rt A1 =T
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i£10+35G
R 1111 L= -1
.................................... E10438 500
B G 1E10+352°9
S T i£10+350
................................. i610+3609
...... N B AEE G0
i T T T EH+I62L

T HHEE@HNHHHHHHMMMNMND

{1

TL0+35

SA0ne
HE0a-
A5Z0°0-
g
3
0 3
@
fc@
AL CL0+85G
EL0+38
So £L0+35°9
EL0+84
SL00 ELD+3G L

£i0+80

{ A ‘£l 043578

A 0 se0o- g00- G400

| aoepng £l 138090
=N|4 uapiou] oy dey aouepesy - B30 L

E10+958
TIUFAA



U.S. Patent Sep. 29, 2015 Sheet 22 of 25 US 9,146,155 B2

FIG. 12A




US 9,146,155 B2

Sheet 23 of 25

Sep. 29, 2015

U.S. Patent

dcl 9Old

SARM JUBMITUL PREL BL AR SOD+BETIE L XN 1210 "} |1 0+88028 BSHH
SUIPA LLO+SETLF L BN LWRA L DS BRI L %8N LU LO0-S6E R0 5 U 2ouspeLy

; [OZUOH {semR) X a
do LAty wonngAE ] LAV 3 A R ] A R
- il i i i
L 0+3]
: w : ;, 710497
T gpd i g
: ; ; : AL
Al iz
Z10+8p
1o Lo
= 710+85
El
izi0+3s E
: A 0 3
AT 2 710+39
)
40 10 1048
et co z10+28
0 ol AR
ZIeasE gl ; W : W w 0 £10+81
{EL0+3L ‘ ‘ , ,
1EL0+350° ) £10431
‘L0431 L vo B0 Z0 D ] I A e A o DA

L 83eng £7 19800
X o USRI 0§ CEP BIURIDEL ~ BI0]



US 9,146,155 B2

Sheet 24 of 25

Sep. 29, 2015

U.S. Patent

¢l 9l

SAZH JUBPIOU) BFELP) A% GO0+BGBLF L0 [RIDL 71 0+88556 LS
SUWUAA LLO+BGELY L3N SUIN CLIHBBFEL GXBIN (WA LOD-8GEET Ui sTuepeL

<<<<< JBUOZUOH e {saagaLupLL) X 0
WORDEAE ¥O g0 20 1 0 T R S K 41
il
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, izios3gz : : , , Lin+ag
........... # RS AT:T == - B 4 T T T [RSRRRITE T L SREETI 21
R (41 = - H H ELO+aL
...................................... .meg;.m_. Lo 1T T P ETTETR b e
H : H N H : H o =T
........................................ fEL0+35T , “ “ EIDsRE)
....................................... ,.Mm«?.mme 70 . ; R R PN ~Hro- o
........................................... {eL0+30sL ;, U, ,, i w BIDvo
.......................................... BUHTE g o g S
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, {EL0+3GTT El ©
U SURO 1 WUE : . : . : £
N ‘ @ : @ u @ , H : S £10+3E
......................................... EL0+3GLT S N L T P S b
........................................ CEUHEE g ” : : ; , M L P
........................................ CIEL+EELE ; H , U
.......................... ;(.,.,-,......,.mea*»mgm [Al1 EEETEPEEE e ok . e e (2 e
R ELD+IELE w w “ H w
B g L ey
......................................... -iEL0+35TE : : :
......................................... [CLLAECA R, ‘ RS R T e v o 104G
.......................................... iElD+3sL Y “ ” ;
s R0 PP
‘EL0+35L G ¥ D (a1 [l 0 Lo o £ P CIWAS

| BOBUNS 7 12800
RN JUBPIOU] J0y depy SoUBpEL)| - 2101




US 9,146,155 B2

Sheet 25 of 25

Sep. 29, 2015

U.S. Patent

dcl Old

SABXM WEAPIIU 09BGE L AR GO0+IECGE 1 911 101 ' L LN+3ZE5) BISHM

<<<<< T FT C —
WIOHORELET

0
Hg+d8
HANEEN

i

i

L i S zioe3g |

T+ F
710+35
7L0+355
AR
7L0+35°9
AN
10352
210430
EL0+35 8
EL0+36
L0+35B

-EL0+3L

‘ELO+IE0

v
wugel d E:m_.h
WugL.L

AR L LOHEETET BN JUNA C1LO+BETE0 L BN LA LOD-S0E8E 6UIR soueipey

4

£0

{siaiatuna)
[y [ 0 [ oo

0

0"

¥

£

(4]

o0

en

¥

70

£0

[

4

[ [} 0 [Xin [
| B98pnG 67 19800
A JUBRIaU 404 deyy BaUBIPEL] - 18I0

B0

o

{Saa1ali) A




US 9,146,155 B2

1
OPTICAL SYSTEM AND MANUFACTURING
METHOD THEREOF

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part application of
application Ser. No. 12/180,567, filed on Jul. 28, 2008
entitled “OPTICAL SYSTEM”, which claimed the benefit of
Taiwan Patent Application No. 096128494, filed on Aug. 3,
2007 entitled “OPTICAL SYSTEM?”, and this is also a con-
tinuation-in-part of application Ser. No. 12/045,836, filed on
Mar. 11, 2008 entitled “OPTICAL SYSTEM”, which
claimed the benefit of Taiwan Patent Application No.
096109036 filed on Mar. 16, 2007, entitled “OPTICAL SYS-
TEM?”, the contents of which are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a novel diffraction grating
and, more particularly, to a diffraction grating for being
applied to an optical system.

2. Description of the Related Art

A spectrometer is typically implemented to measure pho-
tometry with regard to radiation sources, and a grating in such
spectrometer is a component for diffusing a multi-frequency
radiation. Instruments suchlike are extensively applied to
deal with complex measurement tasks for acquiring accurate
results. However, such instruments are currently disadvanta-
geous by: (a) bulkiness resulted in great cost and using lim-
itedly at fixed locations, (b) time consumption for wideband
spectrum measurement, and (¢) demand for skilled operators
because cautious operation is necessary.

U.S. Pat.No. 5,550,375 provides an infrared-spectrometric
sensor 100 for gases, as shown in FIG. 1, which comprises a
microstructured body having a reflective grating 110, a multi-
frequency IR radiation source 120, and a radiation receiver
130 for receiving IR of a fixed range of wavelength. Never-
theless, this infrared-spectrometric sensor is merely capable
of'measuring spectrums within a narrow wavelength range. In
a case that multiple components are to be analyzed, the spec-
tral signals would be absorbed at several different wave-
lengths, not only in the infrared region. Besides, the entrance
slit, the two exit slits and the center of the mirror grating
should be situated on a Rowland circle. Therefore, the appli-
cations of this prior spectrometric sensor are limited.

A simultaneous spectrometer 200 is another device for
detecting radiation sources, as shown in FIG. 2. It comprises
an entrance slit 200, a concave grating 210 capable of forming
holographic images, and a photoelectric diode array 230. The
aforementioned components are fixedly positioned and
immovable while these components present the reliable
advantages such as high accuracy and excellent optical effi-
ciency. In such spectrometer, the photoelectric diode array is
applied with limitations because the photoelectric diode array
is substantially a flat plane formed with a large number of
single crystals, while the focuses of the spectrometer are
distributed on a curved surface and, more particularly, on the
Rowland circle. In this case, only two intersection points
could be formed between the Rowland circle and the photo-
electric diode array. Thus, the spectral signals reflected by the
concave grating 210 could be merely focused on the two
intersection points of the photoelectric diode array. One pre-
ferred application of such simultaneous spectrometer is to
increase the radius of the Rowland circle so that the distribu-
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tion of the focuses can be a planar distribution approximately.
However, this approach consumes large space and requires a
large detector. An alternative solution is as the disclosure of
U.S. Pat. No. 6,005,661, wherein a great quantity of optical
fibers are employed to lead out signals with diverse wave-
lengths focused on the Rowland circle. Although such
approach can compromise the disadvantages of photoelectric
diode array, problems such as energy lost and degenerative
resolution may also occur when the focused signals are led
out by the optical fibers.

Instead, a diffraction grating generating linear outputs is a
preferable option for an optical system. As shown in FIG. 3A,
the inventor of U.S. Pat. Nos. 4,695,132 and 4,770,517 pro-
vides a laser scanning system 300, which implements one or
more 10 lenses 310 to focus scattered light beams on a linear
output plane 320. As shown in FIG. 3B, U.S. Pat. No. 6,650,
413 provides a spectrometer 301 using a diffraction grating
311 and comprising an assembly of a collimator 313 and a
correcting lens 315 for focusing the output spectral compo-
nents on an image plane 321 in accordance with an f sin(0)
distribution.

However, the above-mentioned inventions are all systems
with complex structures and therefore fail to achieve the
objective of microminiaturizing an optical system to become
portable.

SUMMARY OF THE INVENTION

It is one objective of the present invention to provide a
diffraction grating made by a photolithography process for
being applied to an optical system. The diffraction grating
linearly distributes spectral components of all wavebands
(including infrared, visible light and ultraviolet) on an image
plane in accordance with the wavelength and can achieve
desired image quality.

Itis another objective of the present invention to provide an
optical system with simple structure and microminiaturized
volume that facilitates portability.

It is yet another objective of the present invention to pro-
vide an optical system, which can be mass-produced with
reduced manufacturing costs and feasible for long-term use.

To achieve these and other objectives, the present invention
provides the optical system that comprises an input for receiv-
ing an optical signal, a predetermined output plane, and a
diffraction grating. The diffraction grating has a diffraction
surface for separating the optical signal received from the
input into a plurality of spectral components to be focused on
the predetermined output plane. The diffraction surface,
which is made by a photolithography process, has a first
profile. The first profile is formed by a plurality of points
conducted by different equations for separating an optical
signal received from the input into a plurality of spectral
component so that the spectral components are focused on the
predetermined output plane.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention as well as a preferred mode of use, further
objectives and advantages thereof, will best be understood by
reference to the following detailed description of an illustra-
tive embodiment when read in conjunction with the accom-
panying drawings, wherein:

FIG. 1 is a schematic drawing illustrating a prior infrared-
spectrometric detector.

FIG. 2 is a schematic drawing illustrating a prior simulta-
neous spectrometer.
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FIG. 3A is a schematic drawing illustrating a prior laser
scanning system.

FIG. 3B is a schematic drawing illustrating f a prior spec-
trometer.

FIG. 4 is a sectional view of an optical system according to
the present invention.

FIG. 5A is a schematic drawing of aforementioned optical
system according the present invention.

FIG. 5B illustrates the diffraction grating according to
another preferred embodiment of the present invention.

FIG. 5C illustrates the diffraction grating according to
another preferred embodiment of the present invention.

FIG. 6 is a schematic drawing of another optical system
according to the present invention.

FIG. 7A is a schematic drawing of a diffraction grating
according to the present invention.

FIG. 7B is a schematic drawing showing the formation of
the diffraction grating according to one preferred embodi-
ment of the present invention.

FIG. 8 is a schematic drawing showing an experimental
system.

FIG. 9 is a comparison diagram of profiles of the exem-
plificative diffraction gratings.

FIG. 10A is a ray-tracing diagram according to a first
embodiment of the present invention.

FIGS. 10B to 10D are spectrograms according to the first
embodiment of the present invention.

FIG. 11A is a ray-tracing diagram according to a second
embodiment of the present invention.

FIGS. 11B to 11D are spectrograms according to the sec-
ond embodiment of the present invention.

FIG. 12A is a ray-tracing diagram according to a compara-
tive example, and

FIGS. 12B to 12D are spectrograms according to the com-
parative example.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The technical features adopted in the present invention in
attempt to achieve the aforementioned effects and objectives
will be described in detail in company with particular
embodiments and the accompanying drawing so as to be
clearly comprehended.

Please refer to FIGS. 4 and 5A, wherein a preferred
embodiment of the present invention is provided. Therein, an
optical system 400 comprises a base 440, a cover 450, an
input 420, a predetermined output plane 430, and a diffraction
grating 410.

An inner space 445 is formed between the base 440 and the
cover 450 and a plurality of spacers (not shown) may be
sandwiched between the base 440 and the cover 450 to uphold
the inner space 445 and separate the base 440 from the cover
450 for a desired distance. According to one preferred
embodiment of the present invention, the diffraction grating
410 is disposed on the base 440 and has a diffraction surface
412 that faces the inner space 445.

The input 420 is typically a slit wherethrough an optical
signal 10 is allowed to enter the inner space 445. The input
420 may alternatively be an end of an optical fiber so that the
optical signal 10 can be transmitted through the optical fiber
into the inner space 445 of the optical system 400. According
to one preferred embodiment of the present invention, the
input of the optical system is a slit attached with an optical
fiber, and the optical signal 10 can be transmitted via the
optical fiber and then enter the optical system 400 through the
slit from an end of the optical fiber. The slit may be made by
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the aforementioned photolithography process, EDM (electro-
discharging machining), laser-writing, slicing, or may be
made by a molding process.

The diffraction surface 412 for separating an optical signal
10 entering the optical system 400 into a plurality of spectral
components, such as 20, 22, and 24, which have different
wavelengths. These spectral components are focused on the
predetermined output plane. When being focused, the spec-
tral components presented on the predetermined output plane
have the FWHM (full width athalf maximum) smaller than or
equal to the predetermined wavelength resolution. The dif-
fraction surface 412 is substantially concave, which has a first
profile. The first profile is formed by a plurality of points and
each location of these points is conducted by different optical
path equations individually. A representation of the equations
is,

F= Z FaW'p
ijk

which is a polynomial expansion. Therein, the parameters
comprise the predetermined vertical interval of the points, the
entrance slit width, incidence optical path length, the incident
angle, the diffraction angle, the diffraction optical path
length, the spectral component resolution, the maximum
resolving wavelength, the minimum resolving wavelength,
the diffraction order, and the predetermined output plane.

According to another preferred embodiment of the present
invention as shown in FIG. 5B, an optical system 500 com-
prises a base 540, a cover 550, and a diftraction grating 510.
An inner space 545 is formed between the base 540 and the
cover 550. Therein, the base 540 and the cover 550 may be
made of an identical material or different materials selected
from a I1I-V semiconductor, a Group IV element, glass, plas-
tic or a metal.

A plurality of spacers 560 are sandwiched between the
base 540 and the cover 550 to uphold the inner space 545 and
separate the base 540 from the cover 550 for a desired dis-
tance. Besides, a plurality of light shielding elements 570 are
also sandwiched between the base 540 and the cover 550 for
shielding superfluous lights.

The spacers 560 and the light shielding elements 570 are
formed on either the base 540 or the cover 550 by a molding
process or a photolithography process. Therein, the photoli-
thography process for making the spacers comprises applying
a layer of a photoresist on one of the base 540 and the cover
550, patterning the photoresist, and solidifying the patterned
photoresist so as to form the spacers 560.

As shown in FIG. 5B, a housing 590 is provided at an
exterior of the optical system 500. The housing 590 has an
inner surface 592, which is non-reflective or light absorbing
s0 as to prevent an external light from disturbing the operation
of the optical system 500. The inner space 545 of the optical
system 500 may be filled with air or a proper liquid, which has
arefractive index greater than those of the base 540, the cover
550 and the grating 510.

As shown in FIG. 5C, at least one recess 514 is provided on
a contacting surface of the diffraction grating 510 abutting the
base 540 or the cover 550. Meanwhile, at least one second
positioning part (not shown) positionally corresponding to
the recess 514 is provided on a contacting surface of the base
540 or the cover 550 abutting the diffraction grating 510.
Accordingly, by combining the recess 514 to the second posi-
tioning part, the diftraction grating 510 is guided and properly
disposed on the base 540 or the cover 550.
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At least a first reflection layer is provided to cover a con-
tacting surface ofthe base 540 facing the inner space 545. The
first reflection layer is typically made of a metal. The metal,
more particularly, is selected from one of the group consisting
of silver, gold, aluminum, platinum, titanium and nickel.
Besides, At least a second reflection layer is provided to cover
a contacting surface of the cover 550 facing the inner space
545. The second reflection layer is typically made of'a metal,
and the metal is, more particularly, also selected from one of
the group consisting of silver, gold, aluminum, platinum,
titanium and nickel.

The diffraction grating 510 has a diffraction surface 512,
whereon at least a third reflection layer is formed for covering
it. The third reflection layer is made by plating a metal on the
diffraction surface 512 to form a metal film. The metal is
selected from one of the group consisting of silver, gold,
aluminum, platinum, titanium and nickel. One of the pre-
ferred embodiment of the constitution and arrangement of the
first, second or the third reflection layers is a film of titanium
of 50 nm overlaid by 200 nm of silver and then overlaid by 1
um of silica sequentially. Besides, TiO2 or other dielectric
materials can be substituted for the silica.

The film of titanium is not indispensable to the first and the
second reflection layer, however, if the cover 450 or the base
440 is made of plastic rather than metal, for the titanium
serves to bind the silver with the cover 450 or the base 440
when the cover 450 or the base 440 is metallic. So, whether
the reflection layer contains the film of titanium depends on
the material of the cover 450 or the base 440.

In FIG. 6 and FIG. 7A, according to one preferred embodi-
ment of the present invention, a diffraction grating 410 has a
first profile 412 formed by a plurality of points P. Each P is
represented by a coordinate (&, w, I), wherein &, w, and I are
components of P at the x, y and z coordinate axes, respec-
tively. Therein, the coordinate of PO is set as (0, 0, 0). An
optical signal A has a single wavelength, and a projective
point A' thereof on the x-y plane is away from PO with a
distance r, which is the incidence arm length. An included
angle between a line linking A' and PO and the x coordinate
axis is the incident angle a.. The optical signal A passes POand
arrives a point BO on the predetermined output plane. A
projective point B' of the point BO on the x-y plane is away
from PO for a distance r', which is the diffraction arm length.
An included angle between a line linking B' and PO and the x
coordinate axis is the diffraction angle [3. By substituting the
parameters, such as r, r', ., 3, the expected grating width, the
expected resolution, the expected range of measuring wave-
length, and entrance slit width, into

F= Z Fy Wi
ik

the optical path equation, a plurality of equations related to
the plural P points that form the first profile can be conducted
and the coordinate of the first profile can be in turn derived.

The diffraction surface 412 is a reflection surface, which
may be formed by plating the diffraction grating 410 with a
metal film through a method selected from the group consist-
ing of vapor deposition, sputtering, evaporation, polishing,
and electroplating. The metal film may be formed with silver,
gold, aluminum, platinum, titanium or nickel.

InFIG. 7A, the diffraction surface 412 further has a second
profile 414 with a periodic structure made by a photolithog-
raphy process. According to one preferred embodiment of the
present invention, the diffraction surface 412 has a saw-
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toothed periodic structure wherein tops of the saw teeth are
inclined at a fixed angle, and a vertical interval d between
projections of the adjacent tooth tops is a grating pitch. One
preferred embodiment of the present invention is as shown in
FIG. 7A, wherein the grating pitches are constant. Alterna-
tively, the grating pitches may be variable. The second profile
414 is formed by a plurality of triangles. A line linking the
pinnacles of the triangles constitutes the first profile. These
triangles may be congruent triangles or incongruent triangles,
wherein the inclined angles of the triangles are designed to
optimize the diffraction efficiency for a specific diffraction
level.

According to FIG. 7B, a designed periodic pattern is used
to make a photomask 72 and then a light 80 from an exposure
source 70 passes through transparent regions on the photo-
mask 72 and proceeds to passing a lens 74 so as to react with
a photoresist pre-applied on a surface of a substrate 76 upon
an optical imaging principle. The above process also referred
to as exposure. Subsequently, after the exposed and non-
exposed photoresist portions are chemically processed, the
pattern on the photomask 72 can be transferred to the sub-
strate 76 so as to form the periodic structure on the diffraction
surface 412. In such photolithography process, the substrate
76 may be made of a III-V semiconductor, a Group IV ele-
ment, glass, plastic or a metal.

The predetermined output plane may be a flat plane or in
any geometric shape other than a cylinder which includes the
Rowland circle, such as a curved surface, a non-cylindrical
surface or a wavy surface. The predetermined output plane
may also be any geometric shape other than a cylindrical
surface whose cross section is a Rowland circle, such as a
curved surface, a non-cylindrical surface or a wavy surface. A
cylindrical output plane can be implemented by applying the
Rowland Circle theory. A detector is provided on the output
plane to receive the focused spectral component signals. The
detector is a light detector having a photoelectric diode array,
such as a CCD (charge-coupled device) or a CMOS (Comple-
mentary Metal-Oxide-Semiconductor).

The present invention may be embodied as the following
described embodiments.

[Embodiment 1]

A grating G1 is provided with a profile as shown in FIG. 9.
The experiment conditions are referred to FIG. 8, wherein the
entrance slit width s,=62.5 um, the incident angle o, =75°, the
incidence arm length r; =30 mm, the diffraction level m=2, the
grating interval d=3 pm, the grating G1 is placed on the x
coordinate axis and the included angle 6 between the planar
detector D and the x coordinate axis is 69.3°. FIG. 10A
exhibits the diffraction result of the grating G1, which is
tested and derived by a ray-tracing software, Tracepro version
3.22, under these conditions. FIGS. 10B, 10C and 10D dis-
play the measuring results acquired by the detector D around
360 nm, 550 nm, and 720 nm, respectively. Thereupon, it is
learned that the grating G1 reaches the resolution of 2 nm in
the three wavelength ranges.

[Embodiment 2]

A grating G2 is provided with a profile as shown in FIG. 9.
The experiment conditions are referred to FIG. 8, wherein the
entrance slit width s, =62.5 um; the incident angle o, =75°, the
incidence arm length r; =30 mm, the diffraction level m=2, the
grating interval d=3 pm, the grating G2 is placed on the x
coordinate axis and the included angle 6 between the planar
detector D and the x coordinate axis is 80.5°. FIG. 11A
exhibits the diffraction result of the grating (G2, which is
tested and derived by the ray-tracing software, Tracepro ver-
sion 3.22, under these conditions. FIGS. 11B, 11C and 11D
display the measuring results acquired by the detector D



US 9,146,155 B2

7

around 360 nm, 550 nm, and 720 nm, respectively. There-
upon, itis learned that the grating G2 reaches the resolution of
2 nm in the three wavelength ranges.

[Embodiment 3]

A grating G3 is provided with a profile as shown in FIG. 9
and is in accordance with the Rowland circle. The experiment
conditions are referred to FIG. 8, wherein the entrance slit
width s;,=62.5 pm, the incident angle o, =75°; the incidence
arm length r,=30 mm, the diffraction level m=2, the grating
interval d=3 um, the grating G3 is placed on the x coordinate
axis and the included angle 6 between planar detector D and
the x coordinate axis is 73.64°. FIG. 12A exhibits the diffrac-
tionresult of the grating G3, which is tested and derived by the
ray-tracing software, Tracepro version 3.22, under these con-
ditions. The resolution measurements are as illustrated in
FIGS. 12B through 12D, wherein the resolution is not satis-
fying at the wavelength around 360 nm, and is perfect at the
wavelength around 550 nm while the resolution is merely
about 4 nm at the wavelength around 720 nm.

The comparison of the experiment results is tabled as Table
1. Therein, ¢ is the included angle between the detector D
and the spectral component and r, is the reflection optical path
length. Inthe Embodiments 1 and 2, the reflection optical path
lengths range from 8 to 12 mm, while in the Example 3 the
grating G3 of the Rowland circle requires the reflection opti-
cal path length ranging form 80 to 105 mm. The results prove
that the grating of the present invention is feasible to a micro-
miniaturized optical system without extensive space.

TABLE 1
15(360 nm) 15(550 nm) 15(720 nm) ¢c
Gl 8.562 mm 10.362 mm 11.532 mm 57.52°
G2 6.099 mm 7.375 mm 8.204 mm 46.32°
G3 83.438 mm 92.793 mm 104.259 mm 53.18°

Hence, the diffraction grating of the present invention
applied to an optical system can be constructed to meet a
predetermined wavelength range and is feasible to spectrol-
ogy of all wavebands (including X-ray, ultraviolet, visible
light and infrared). The optical system is applicable to pho-
tometry and analysis for multi-component compounds so as
to acquire complete measuring data.

The disclosed diffraction grating applied to an optical sys-
tem can separate optical signals into a plurality of spectral
components, so as to focus the spectral components on the
linear plane without the need of lengthening the optical path.
The disclosed diffraction grating provides functions of dis-
persion and focusing, so as to supersede collimators and
correcting lenses. Therefore, the number of required compo-
nents in the optical system can be reduced and consequently
the optical system can be microminiaturized to accommodate
in a portable optical instrument.

According to one preferred embodiment of the present
invention, the optical system may be configured as a micro-
structure through a semiconductor process. Therein, the dif-
fraction grating may be made by a lithography electroforming
micro molding process or a lithography and etching process.
Thereupon, through the present invention, the high accuracy
as well as the mass production can be achieved and practical,
resulting in reduced manufacturing costs and durable prod-
ucts.

Although the particular embodiments of the invention have
been described in detail for purposes of illustration, it will be
understood by one of ordinary skill in the art that numerous
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variations will be possible to the disclosed embodiments
within the scope of the invention as disclosed in the claims.

What is claimed is:

1. An optical system, comprising:

an input, for receiving an optical signal;

a predetermined output plane having a surface with a geo-

metric shape that is not part of a Rowland circle; and

a diffraction grating, the diffraction grating being a free-

form type grating and being neither a holographic type
grating nor a ruling type grating, the diffraction grating
having a freeform diffraction surface with a first profile
corresponding to the predetermined output plane, the
freeform diftraction surface formed by a photolithogra-
phy process to have a freeform characteristic, the first
profile having inflection points and being a freeform
profile, the freeform diffraction surface configured to
separate the optical signal received at the input into a
plurality of spectral components, which are focused on a
plurality of points of the predetermined output plane.

2. The optical system of claim 1, wherein the surface of'the
predetermined output plane is a flat plane.

3. The optical system of claim 1, wherein the spectral
components are distributed on the predetermined output
plane in accordance with a linear distribution.

4. The optical system of claim 1, wherein the spectral
components are focused on more than two points of the pre-
determined output plane.

5. The optical system of claim 4, wherein the detector is a
light detector.

6. The optical system of claim 1, further comprising at least
one detector provided on the predetermined output plane for
detecting the spectral components focused on the predeter-
mined output plane.

7. The optical system of claim 1, wherein the input is a slit.

8. The optical system of claim 1, wherein the input is an end
of an optical fiber.

9. The optical system of claim 1, wherein the diffraction
grating is a reflective grating.

10. The optical system of claim 1, wherein the freeform
diffraction surface is a substantially concave diffraction sur-
face.

11. The optical system of claim 1, wherein the freeform
diffraction surface has a second profile with a saw-toothed
structure, and tops of the saw-toothed structure form the first
profile.

12. An optical system, comprising:

an input, for receiving an optical signal;

a predetermined output plane having a surface with a geo-

metric shape that is not part of a Rowland circle; and

a diffraction grating, the diffraction grating being a free-

form type grating and being neither a holographic type
grating nor a ruling type grating,

wherein:

the diffraction grating has a freeform diffraction surface
with a first profile which is non-cylindrical and cor-
responding to the predetermined output plane, the
freeform diffraction surface formed by a photolithog-
raphy process to have a freeform characteristic, the
first profile having inflection points and being a free-
form profile, the freeform diffraction surface config-
ured to separate the optical signal received at the input
into a plurality of spectral components,

each spectral component includes a plurality of rays,

the predetermined output plane has a plurality of specific
points corresponding to the spectral components
respectively, and
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different sections of the diffraction grating have differ-
ent types of diffraction each of which based on a
different equation to cause the rays incident on the
different sections of the diffraction grating to be
focused on the specific points.

13. The optical system of claim 12, wherein the surface of
the predetermined output plane is a flat plane.

14. The optical system of claim 12, wherein the spectral
components are focused on more than two points of the pre-
determined output plane.

15. The optical system of claim 12, wherein a second
profile with a periodic structure is formed on the diffraction
surface and tops of the periodic structure form the first profile.

16. The optical system of claim 15, wherein the periodic
structure is a saw-toothed structure.

17. The optical system of claim 16, wherein the tops of
teeth of the saw-toothed structure have a fixed inclined angle.

18. The optical system of claim 12, wherein the predeter-
mined output plane is obtained according to a maximum
resolving wavelength, a minimum resolving wavelength, and
a diffraction order.

19. A manufacturing method of an optical system compris-
ing:
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providing an input for receiving an optical signal;

providing a substrate;

forming a freeform diffraction surface on the substrate by
a photolithography process so as to form a diffraction
grating, the diffraction grating being a freeform type
grating and being neither a holographic type grating nor
a ruling type grating, the freeform diffraction surface
corresponding to a predetermined output plane having a
surface with a geometric shape that is not part of a
Rowland circle, wherein the freeform diffraction surface
includes a first profile having inflection points and being
a freeform profile; and

configuring the freeform diffraction surface to separate the
optical signal received at the input into a plurality of
spectral components, which are focused on a plurality of
points of the predetermined output plane.

20. The manufacturing method of the optical system of

claim 19, wherein the freeform diffraction surface includes:

a second profile with a saw-toothed structure, wherein tops

of the saw-toothed structure form the first profile.
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